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Abstract
Number concentrations of total and non-volatile aerosol particles with size diameters
>0.01µm as well as particle size distributions (0.4–23µm diameter) were measured
in situ in the Arctic lower stratosphere (10–20.5km altitude). The measurements were
obtained during the campaigns European Polar Stratospheric Cloud and Lee Wave Ex- 5
periment (EUPLEX) and Envisat-Arctic-Validation (EAV). The campaigns were based
in Kiruna, Sweden, and took place from January to March 2003. Measurements were
conducted onboard the Russian high-altitude research aircraft Geophysica using the
low-pressure Condensation Nucleus Counter COPAS (COndensation PArticle Counter
System) and a modiﬁed FSSP 300 (Forward Scattering Spectrometer Probe). Around 10
18–20km altitude typical total particle number concentrations nt range at 10–20cm
−3
(ambient conditions). Correlations with the trace gases nitrous oxide (N2O) and trichlo-
roﬂuoromethane (CFC-11) are discussed. Inside the polar vortex the total number
of particles >0.01µm increases with potential temperature while N2O is decreasing
which indicates a source of particles in the above polar stratosphere or mesosphere. 15
A separate channel of the COPAS instrument measures the fraction of aerosol parti-
cles non-volatile at 250
◦C. Inside the polar vortex a much higher fraction of particles
contained non-volatile residues than outside the vortex (∼67% inside vortex, ∼24%
outside vortex). This is most likely due to a strongly increased fraction of meteoritic
material in the particles which is transported downward from the mesosphere inside 20
the polar vortex. The high fraction of non-volatile residual particles gives therefore ex-
perimental evidence for downward transport of mesospheric air inside the polar vortex.
It is also shown that the fraction of non-volatile residual particles serves directly as a
suitable experimental vortex tracer. Nanometer-sized meteoritic smoke particles may
also serve as nuclei for the condensation of gaseous sulfuric acid and water in the 25
polar vortex and these additional particles may be responsible for the increase in the
observed particle concentration at low N2O. The number concentrations of particles
>0.4µm measured with the FSSP decrease markedly inside the polar vortex with in-
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creasing potential temperature, also a consequence of subsidence of air from higher
altitudes inside the vortex. Another focus of the analysis was put on the particle mea-
surements in the lowermost stratosphere. For the total particle density relatively high
number concentrations of several hundred particles per cm
3 at altitudes below ∼14km
were observed in several ﬂights. To investigate the origin of these high number con- 5
centrations we conducted air mass trajectory calculations and compared the particle
measurements with other trace gas observations. The high number concentrations
of total particles in the lowermost stratosphere are probably caused by transport of
originally tropospheric air from lower latitudes and are potentially inﬂuenced by recent
particle nucleation. 10
1. Introduction
Stratospheric aerosol particles inﬂuence ozone and at least temporarily climate and
they are therefore of considerable current interest. They also play an important role for
the stratospheric sulfur cycle and for transport of meteoritic material. The stratospheric
background aerosol is mainly composed of sulfuric acid (H2SO4) and water with some 15
inclusions of meteoritic material (Junge and Manson, 1961; Bigg et al., 1970; Murphy
et al., 1998; Arnold et al., 1998; Cziczo et al., 2001). From their mass spectromet-
ric measurements, Cziczo et al. (2001) concluded that typically half the stratospheric
particles contain meteoritic iron of 0.5 to 1 weight percent. Recently, Baumgardner
et al. (2004) reported large fractions of light absorbing particles such as soot in the 20
lowermost Arctic stratosphere at altitudes of 9–12km.
Several balloon-borne (e.g. Hofmann and Rosen, 1985; Hofmann, 1988, 1990; Hof-
mann et al., 1989) as well as aircraft-borne studies (Wilson et al., 1989, 1990, 1992;
Dye et al., 1992; Borrmann et al., 1993, 2000a) of stratospheric background aerosol in
the Arctic and Antarctic winter have been performed with condensation nucleus coun- 25
ters (CNC) and optical particle counters. From balloon-borne CNC measurements
evidence was found for the formation of new particles in the polar winter stratosphere
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at altitudes around 22–26km (Hofmann and Rosen, 1985; Hofmann, 1988, 1990; Hof-
mann et al., 1989). Wilson et al. (1989, 1990, 1992) conﬁrmed these ﬁndings and
observed an anti-correlation of the particle mixing ratio with the stratospheric tracer
N2O for N2O<150ppbv. From that they concluded that a source of particles must exist
in the Arctic stratosphere. 5
Furthermore, several model studies that applied classical nucleation theory were
able to conﬁrm such particle nucleation in the polar stratosphere from nucleation of
sulfuric acid and water (Hamill et al., 1990; Zhao et al., 1995; Mills et al., 1999; Timm-
reck, 2001). At lower altitudes (9–13km), Lee et al. (2003) detected recent nucleation
events in the Arctic lowermost stratosphere. From a comparison of the measurements 10
with a model by Lovejoy et al. (2004) the nucleation was attributed to ion-induced nu-
cleation of sulfuric acid and water.
Only few investigations have studied the volatility of stratospheric background parti-
cles (e.g. Rosen, 1970; Deshler et al., 1993; Brock et al., 1995) and to our knowledge
no such study was conducted in the Arctic winter stratosphere. In these volatility ex- 15
periments the stratospheric aerosol is usually passed through a heated inlet. The tem-
perature of the probed aerosol is thereby raised above the boiling point for H2SO4/H2O
solutions. Particle residuals remaining non-volatile at these temperatures are counted.
From their measurements of total and non-volatile aerosol particles Brock et al. (1995)
concluded that new particles are likely to form from H2SO4 and H2O in the tropical 20
tropopause layer and are then transported and distributed by the Brewer-Dobson cir-
culation and by isentropic ﬂow throughout the stratosphere. They are thought to con-
stitute the major source of the stratospheric aerosol particles on which further gaseous
H2SO4 and H2O condenses in the stratosphere (Hamill et al., 1997).
A large fraction of the meteorites entering the Earth’s atmosphere ablate in the meso- 25
sphere at altitudes above 75km. The ablated material composed of elements as iron,
magnesium and silicon re-condenses to form nanometer-sized particles termed mete-
oritic smoke (Hunten et al., 1980; Turco et al., 1981; Cziczo et al., 2001; Plane 2003).
Numerical models of the mesospheric and stratospheric circulation show that meso-
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spheric air descends rapidly into the stratospheric polar vortex during winter. From
these models it is estimated that most of the mesospheric air is funneled into the
stratospheric polar vortex every winter (Fisher et al., 1993; Plumb et al., 2003). Obser-
vational evidence for a signiﬁcant fraction of mesospheric air in the lower stratospheric
polar vortex comes from CO-N2O relation measurements and from air mass ages de- 5
termined by in situ CO2 and SF6 measurements (Plumb et al., 2003). An enhancement
of meteoritic smoke particles is therefore expected to occur inside the Arctic vortex
(Prather and Rodriguez, 1988; Plane, 2003) and diabatic subsidence of air masses
by radiative cooling will transport some of the meteoritic material all the way down to
16km (∼400K) by the end of winter (Plumb et al., 2003). 10
Measurements of particles larger than ∼0.3µm in diameter in the polar stratosphere
reported a strong decrease of the number concentration of these particles for the
Antarctic as well as for the Arctic stratosphere at altitudes >18km (Hofmann et al.,
1989; Borrmann et al., 2000a). These measurements are supported by satellite mea-
surements which revealed a reduction in aerosol extinction by more than 1 order of 15
magnitude inside the polar vortex compared to outside (McCormick et al., 1983; Kent
et al., 1985; Thomason et al., 1997). As the aerosol extinction is caused by the opti-
cally active particles larger than ∼0.3µm in diameter these ﬁndings are consistent with
the in situ measurements.
Two automated stratospheric aerosol counters COPAS (COndensation PArticle 20
Counter System) have been built and characterized. These counters were ﬂown
aboard the Russian high-altitude research aircraft Geophysica. Here we introduce
the COPAS instrument and present particle data from the two recent Arctic measure-
ment campaigns “European Polar Stratospheric Cloud and Lee Wave Experiment –
EUPLEX” and “Envisat Arctic Validation – EAV”. The campaigns were conducted from 25
10 January to 19 March 2003, and were based in Kiruna, Sweden. The focus of our
studies is on the diﬀerences in CN-concentration and CN-volatility inside and outside of
the polar vortex. Number concentrations of larger particles (>0.4µm) and aerosol size
distributions measured simultaneously aboard Geophysica with an FSSP 300 instru-
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ment are discussed. In Sect. 3.4. we focus on the observed high variability of particle
concentrations measured in the lowermost stratosphere.
2. Instrumental
The COPAS instrument is a two channel aerosol counter designed for automated low
pressure measurements of the particle number concentration. It is a continuous ﬂow 5
condensation nucleus counter (CNC) operating with 1-butyl alcohol (butanol) as its
working ﬂuid. The COPAS instrument has been designed in accordance to the Den-
ver University CNC (Wilson et al., 1983). Downstream from the air intake the ﬂow is
split into two subﬂows: A ﬁltered particle-free subﬂow is saturated with butanol vapor
at 30
◦C. Subsequently, sample air containing particles is added to the center of the 10
saturated sheath ﬂow. Then the total ﬂow is cooled to 2
◦C in a condenser. By conden-
sation of butanol vapor the particles grow to sizes >1µm and are optically detected
and counted. Aerosol sample ﬂow and total ﬂow are monitored and controlled by use
of calibrated diﬀerential pressure sensors. Optimum ﬂow conditions are maintained by
use of a regulated pump. A series of laboratory measurements showed that a total 15
counting eﬃciency close to unity can be achieved by adjusting the ﬂow properly at low
pressure conditions.
Data are recorded at 1Hz, temperatures of the saturator and condenser are con-
trolled within 0.2
◦C, measurement uncertainty is <20% for stratospheric particle con-
centrations. The lower cut-oﬀ limit (smallest detectable aerosol particle diameter) of the 20
counters has been determined experimentally to be ∼10nm for sulfuric acid particles
and the cut-oﬀ is slightly dependent on operating pressure (cf. Hermann and Wieden-
sohler, 2001). Operation of the instrument and data acquisition are fully automated.
The intake of the sample inlet protrudes outside of the Geophysica’s boundary layer
and it consists of two serial diﬀusors which slow down the sample air from the free 25
ﬂow to pumping velocity at near-isokinetic conditions (Wilson et al., 1992). The in-
let faces into ﬂight direction and the diﬀusors are constructed with opening angles of
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6.7
◦ to reduce turbulence losses. Because the number concentration of stratospheric
background aerosol during the present volcanically quiescence is by far dominated by
particles with diameters <0.25µm diameter we consider the sampling to be free of
signiﬁcant losses or enhancements from the inlet.
The ﬁrst channel of the instrument measures the total number of aerosol particles nt. 5
The second channel is heated to 250
◦C before the sample ﬂow enters the instrument
and thereby aerosol particles completely volatile at this temperature are evaporated
and only the non-volatile fraction nnv is counted. Particles purely composed of sulfuric
acid and water are volatile at this temperature. Therefore the diﬀerence between the
two channels gives an estimate of the fraction of stratospheric particles not composed 10
entirely of sulfuric acid and water. Note that with a 10-nm cut-oﬀ diameter already very
small non-volatile residues of originally predominantly volatile particles are counted as
non-volatile. For example, a 150-nm particle composed of 99.5vol.-% sulfuric acid
and water and 0.5vol.-% non-volatile residues will leave a residue of approximately
26nm diameter which will still be counted. The aerosol heater is a 1m long, 12mm 15
i.d. stainless-steel tube with heating wires and insulation wrapped around the tube.
Careful laboratory measurements conﬁrmed that pure sulfuric acid particles of 10–
200nm diameter are completely evaporated with this heater. For these lab studies we
used size-selected, freshly nucleated sulfuric acid particles, generated as described
by Middlebrook et al. (1995). We observed that already small contaminations with e.g. 20
ammonia will leave a considerable amount of residual particles and care has to be
taken to avoid such contamination (cf. Middlebrook et al., 1995). Diﬀusion losses in
the aerosol heater were calculated to be negligible for particles >20nm, and laboratory
tests conﬁrmed these calculations. Note that most of the previous studies on particle
volatility in the stratosphere used instruments that detect only particles >0.3µm in 25
diameter. Small residual particles like meteor smoke particles of a few nanometers
in size will not be detected as residual particles by these instruments (Rosen, 1970;
Deshler et al., 1993).
Two identical COPAS instruments have been built and we were able to operate both
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simultaneously onboard of Geophysica for ﬁve ﬂights within the EUPLEX project. The
two COPAS instruments had separate inlets of identical design and one instrument was
placed in a bay in the fuselage of the aircraft, the other was located in an instrument bay
under the left wing, behind the landing gear compartment. Only one aerosol heater was
installed, therefore a total of one heated and three unheated channels was available 5
for these ﬂights. For future measurement campaigns it is planned to operate the three
unheated channels with diﬀerent saturator temperatures to allow for diﬀerent cut-oﬀ
diameters enabling the identiﬁcation and sizing of freshly nucleated ultraﬁne particles
(Brock et al., 2000).
A scatter plot of the two unheated channels of the second COPAS instrument is 10
shown in Fig. 1a and a plot of channel 1, COPAS 1, versus channel 1, COPAS 2, is
shown in Fig. 1b for the data of the EUPLEX ﬂights. The two channels of the COPAS 2
instrument agree very well over the entire measurement range and a linear regression
yields a slope of 1.003, an oﬀset of −0.03 and r
2=0.996. The two unheated channels
of the diﬀerent instruments still agree well but the correlation is not as good (slope = 15
0.95, oﬀset = 0.1, r
2=0.985). Some of the scatter in Fig. 1b is caused by the fact that
we were only able to synchronize the COPAS 2 system clock with the universal aircraft
clock, but due to technical problems not the COPAS 1 clock, which caused slight shifts
in the occurrence of distinct concentration features and degraded the correlation. Gen-
erally, the two instruments agreed within 20% or better. We give particle concentrations 20
usually as number of particles per cubic centimeter at ambient temperature and pres-
sure conditions. Only for the correlation with the trace gases N2O and CFC-11 particle
mixing ratios are presented as particles per mg of air to allow for direct comparison
with other publications.
The modiﬁed Forward Scattering Spectrometer Probe SPP-300 (FSSP-SPP 300) 25
operated on Geophysica measures the size distribution of aerosol particles between
0.4 and 23µm. The instrument has been described in detail before (Baumgardner et
al., 1992; Borrmann et al., 2000a, b; Thomas et al., 2002). However for the conﬁgura-
tion as utilized on Geophysica during EUPLEX and EAV the original electronics were
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replaced by the Signal Processing Package (SPP) by Droplet Measuring Systems Inc.
In addition, the computer for data acquisition and instrument control was integrated
into the cylindrical standard instrument container which is mounted below Geophys-
ica’s left wing. This way no separate data acquisition system box is required anymore
which considerably reduces rﬁ and noise contamination problems. In order to accom- 5
modate the ambient conditions of temperatures as low as −90
◦C and pressures down
to 50hPa specialized thermal control was also implemented within the FSSP-SPP-300
cylinder. In this new conﬁguration the FSSP-SPP-300 has a resolution of up to 40 size
bins. The bin limits can be switched to diﬀerent refractive indices by software control.
The instrument’s sampling rate is 0.5Hz but for the low number concentrations of par- 10
ticles >1µm in the stratosphere during volcanically quiescent times typically 30min of
data are integrated to derive particle size distributions with good counting statistics.
N2O and CFC-11 are measured by the high accuracy gas chromatograph HAGAR
(High Altitude Gas Analyser, Volk et al., 2005
1). Ozone is measured using the Fast
Ozone UV absorption Experiment (FOX). The Fast In situ Stratospheric Hygrometer 15
(FISH) for the measurement of total water is based on the Lyman-α photofragment
ﬂuorescence technique. Details of the instrument and the calibration procedure are
described by Z¨ oger et al. (1999).
3. Measurements and discussion
3.1. Total particle concentration 20
Vertical proﬁles of the total particle concentration nt for 14 ﬂights of the EUPLEX and
EAV-campaigns are shown in Fig. 2. Ambient particle concentrations are typically
1Volk, C. M., Werner, A., Wetter, T., Ivanova, E., Wollny, A., Ulanovsky, A., Ravegnani, F.,
Schlager, H., Konopka, P., and Toon, G.: Ozone loss within the 2003 Arctic vortex derived from
in situ observations with the Geophysica aircraft, Atmos. Chem. Phys. Discuss., in preparation,
2005.
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10–20cm
−3 at 18–20km altitude. The concentration ranges are in good agreement
with measurements by other authors for the Arctic winter stratosphere (e.g. Hofmann,
1990). Open circles indicate median average particle concentrations binned by 500m
altitude intervals. Error bars designate the 25- and 75-percentiles of the averaged
data in each altitude bin. Below 18km number concentrations are increasing with 5
decreasing altitude. For instance, on 23 January and 6 February this increase is rel-
atively smooth and particle concentrations below 100cm
−3 are measured throughout
the lowermost stratosphere (LS). In contrast, nt increases markedly to concentrations
of several hundred particles per cm
3 below ∼14km during several other ﬂights (e.g. 8
and 28 February). The origin of these structures will be discussed in detail in Sect. 3.4. 10
Figure 3 displays nt as a function of potential temperature (Θ). In general, the parti-
cle data follows a fairly compact correlation, decreasing with increasing Θ until a broad
minimum around 400–460K is reached. For higher Θ the particle concentration in-
creases, reaching 15–20cm
−3 for the highest Θ values above 460K.
In order to distinguish air masses measured inside and outside the polar vortex we 15
use the artiﬁcial vortex tracer calculated by the three-dimensional Chemical Lagrangian
Model of the Stratosphere (CLaMS). CLaMS is a model to study transport and mixing
processes of tracers in the stratosphere (McKenna et al., 2002; Konopka et al., 2004).
The CLaMS model allows, for example, to quantify the vortex dilution over the course
of the winter and to trace the mixing across the vortex edge into the vortex to particular 20
dynamical properties of the stratospheric ﬂow (Steinhorst et al., 2005). In the CLaMS
model the vortex edge is commonly deﬁned by the strongest gradient in potential vor-
ticity (PV) (Nash et al., 1996). In CLaMS, the dilution of the vortex is calculated by
introduction of an artiﬁcial tracer that at the beginning of the model run (1 December)
labels the air parcels inside and outside the vortex by 100 and 0%, respectively. This 25
tracer describes the percentage of the pure vortex air deﬁned in this way in each air
parcel throughout the winter. The CLaMS artiﬁcial vortex tracer has been calculated
for the air parcels encountered in the Geophysica measurement ﬂights. It allows a
convenient distinction of air mass encounters inside and outside the vortex and mixing
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processes across the vortex edge can be studied. In Fig. 3 the value of the vortex
tracer is indicated by color coding. Median values of nt have been calculated for data
observed inside the vortex (CLaMS vortex tracer >0.75) and extra-vortex data (ClaMS
vortex tracer <0.25). Distinct diﬀerences are observed: Outside the vortex, nt de-
creases continiously with increasing Θ, while a positive correlation is observed inside 5
the vortex. For identical Θ values the median number concentrations diﬀer consider-
ably indicating the transport barrier for isentropic ﬂow across the vortex edge.
Comparing the total particle number mixing ratio with the simultaneously measured
trace gases nitrous oxide (N2O) and trichloroﬂuoromethane (CFC-11) allows some fur-
ther allocation and quantiﬁcation of air mass origin. In our measurements N2O and 10
CFC-11 were measured on a 90s time basis and corresponding particle concentra-
tions were selected. Figure 4 displays the particle measurements in units of particle
number per mg air to be able to compare directly two mixing ratio type quantities and
to make our measurements comparable to previous measurements by other authors
(Wilson et al., 1989, 1992). The N2O-particle relation given in Fig. 4a is similar to 15
the Θ-particle relationship. The particle concentration nt decreases sharply with de-
creasing N2O in the lowermost stratosphere (300–240ppbv N2O). A broad minimum
exists with particle concentrations around 100mg
−1 for N2O of 150–220ppbv. For N2O
<150ppbv an anti-correlation exists with the particle mixing ratio reaching average val-
ues of 160mg
−1 at 80ppbv N2O. 20
N2O and CFC-11 are both trace gases that have sources at ground and are inert in
the troposphere. Sink processes in the stratosphere are photodissociation and reac-
tion with O(
1D) for N2O and photolysis for CFC-11. Therefore both tracers generally
decrease in the stratosphere with increasing potential temperature. The primary source
of particles in the stratosphere is thought to be nucleation of H2SO4/H2O particles in 25
the tropical tropopause layer (TTL). In general, no nucleation of particles occurs in
the stratosphere during volcanically quiescent periods (e.g. Brock et al., 1995; Hamill
et al., 1997) except for the nucleation processes in the polar vortex to be discussed
here and potentially nucleation in the lowermost stratosphere. Therefore the total parti-
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cle number mixing ratio decreases to values below 100mg
−1 in the stratosphere above
Θ=460K due to coagulation processes (e.g. Brock et al., 1995). Particles are also con-
sidered to evaporate at the higher temperatures in the upper stratosphere (e.g. Hamill
1997). Therefore an anti-correlation of decreasing N2O and increasing particle mixing
ratio while Θ (Fig. 3) is increasing is indicative of a particle source in the above polar 5
vortex stratosphere or the mesosphere. It can be excluded that particles originally pro-
duced in the TTL are the cause of such an anti-correlation as coagulation brings the
particle number mixing ratios already down to values around or below 100mg
−1 in the
tropical stratosphere for Θ>460K (Brock et al., 1995).
Our data supports the ﬁndings by Hofmann (1988, 1990) who observed layers of 10
enhanced particles in the Arctic as well as the Antarctic polar vortex at altitudes of
∼22–26km, which were attributed to new particle formation, probably by sulfuric acid
and water. The conditions for homogeneous nucleation of new particles are favorable
in the polar vortex because temperatures are very low, the pre-existing aerosol sur-
face area is small (see Sect. 3.3), and gaseous H2SO4 which has evaporated from 15
particles at higher temperatures in the upper stratosphere is expected to be super-
saturated when subsiding inside the polar vortex (Schlager and Arnold, 1987). Here,
for a quantitative assessment, also the stratospheric cycling of gaseous H2SO4 and
SO2 would have to be considered as gaseous H2SO4 actually absorbs near-infrared
radiation in the upper stratosphere or mesosphere through OH stretching vibrational 20
overtone transitions that lead to photolysis of H2SO4 forming SO3 which is rapidly pho-
tolyzed yielding SO2 (Vaida et al., 2003). The SO2 (not supersaturated) then may be
transported downward by subsidence inside the Arctic vortex and is eventually trans-
formed back into gaseous H2SO4 by OH reaction at the end of the polar night, yielding
the required super-saturations for nucleation to occur (Zhao et al., 1995). 25
Besides homogeneous nucleation other processes have to be considered: condi-
tions for ion-induced nucleation are favorable as the atmospheric ion density produced
from galactic cosmic rays is highest at altitudes of 15–25km (Rosen et al., 1985; Love-
joy et al., 2004). It is furthermore conceivable that the gaseous H2SO4 condenses
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on nanometer-sized meteoritic smoke particles that are brought into the polar vortex
from the mesosphere (Hunten et al., 1980; Zhao et al., 1995, see following section).
Because the number of particles produced by homogeneous nucleation is a very non-
linear function of temperature and supersaturation, it would be surprising to measure
such a compact correlation of N2O and nt throughout the Arctic winter stratosphere 5
at diﬀerent times and locations. Therefore a heterogeneous process like ion-induced
nucleation or condensation of sulfuric acid and water on meteoritic smoke seems more
likely to produce such a compact correlation because in these processes the number
of nuclei (core ions or ultraﬁne meteoritic smoke particles) is limiting for the number of
particles produced and the number of these particles is therefore expected to vary less 10
throughout the polar vortex. As will be discussed in the following section, a heteroge-
neous condensation on the abundant meteoritic smoke particles may be the most likely
process.
Our ﬁndings for the N2O-particle correlation are comparable to the correlation for
the winter Arctic stratosphere as described by Wilson et al. (1990). These authors 15
also observed an increase of particles with decreasing N2O for N2O<150ppbv and the
general shape of the correlation for the entire range of N2O mixing ratios is similar.
A diﬀerence to the Wilson et al. measurements is that our measurements seem to
be shifted to somewhat higher particle mixing ratios: Wilson et al. observe a particle
mixing ratio of 50–70mg
−1 for 150–220ppbv N2O whereas we observe a minimum 20
of 80–100mg
−1 for 150–220ppbv of N2O. The reason for these diﬀerences might be
the diﬀerent levels in the stratospheric background concentration of particles in years
not inﬂuenced by volcanic disturbances (Deshler et al., 2003). Additionally, we did
not observe a clear temporal evolution of the N2O-particle correlation as observed by
Wilson et al. (1990). 25
The particle mixing ratio as a function of the tracer CFC-11 is shown in Fig. 4b. The
appearance is similar to the N2O-particle correlation depicted in Fig. 4a. This can be
expected as CFC-11 and N2O are closely correlated stratospheric tracers (Plumb and
Ko, 1992). Again it is observed that inside the polar vortex the particle mixing ratio
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increases with decreasing CFC-11 for CFC-11 smaller than ∼70pptv. A regression
of the form [nt]=−a ln[CFC-11]+b for CFC-11<70pptv has been ﬁtted to the data as
displayed in Fig. 4b (a=25.4, b=196.8). This increase of particles with decreasing
CFC-11 gives further evidence for a source of particles in the above polar vortex. In
how far this correlation is typical for the Arctic winter stratosphere in general during 5
volcanically undisturbed times might be an interesting issue of further investigations.
Some of the particle data shown in Fig. 4 deviate markedly from the otherwise com-
pact correlation: A subset of particle measurements at ∼200 and ∼250ppbv N2O range
above 200mg
−1. These data points have all been measured during the ﬂight of 2
March 2003. Similarly these elevated data show up in Fig. 3 as elevated particle con- 10
centrations around 410 and 425K, somewhat oﬀset to the remaining data. Although
the housekeeping data gave no indication of any instrumental problems, a malfunction
such as a leak might be responsible for these data points, outside of the correlation
measured in all other ﬂights before and after.
3.2. Non-volatile particles 15
The fraction f of non-volatile residual particles is the ratio of non-volatile particles nnv
to all particles nt Measurements of f for all ﬂights of the EUPLEX and EAV campaigns
in which the aerosol heater of COPAS was operational are displayed in Fig. 5. The frac-
tion of non-volatile particles covers a wide range of values between 4 and 80 percent
indicating diﬀerences in the chemical composition of these particles. Corresponding 20
CLaMS vortex tracer values are indicated by color coding. The fraction f of non-volatile
particles is strongly dependent on whether the data was obtained inside or outside of
the polar vortex. Median values of f inside and outside the vortex (vortex tracer >0.75
and <0.25) have been calculated for 500m interval bins. Medians range at 20–30%
outside and 60–70% inside the vortex. 25
We assume the explanation for this marked increase in f is that the fraction of parti-
cles containing meteoritic material is increased inside the polar vortex. The meteoritic
material is composed to a large degree of refractory components such as oxides of
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iron, magnesium and silicon. Numerical models show that a large fraction of meso-
spheric air descends into the polar vortex and an increase of meteoritic debris in the
Arctic vortex can therefore be expected (Prather and Rodriguez, 1988; Fisher et al.,
1993; Plumb et al., 2003). As argued in the instrumental section, already a weight
fraction of 0.5% of non-volatile material is suﬃcient for the particles to be classiﬁed as 5
non-volatile by our CN-Counter. Nevertheless, the marked diﬀerences for data obtained
inside and outside the polar vortex at identical altitude indicate a substantial diﬀerence
in background aerosol composition. This diﬀerence might inﬂuence the formation of po-
lar stratospheric clouds (Voigt et al., 2005), aerosol alkalinity (Prather and Rodriguez,
1988) or play a role in polar stratospheric aerosol nucleation. It is also interesting to 10
note that a major fraction of the meteoritic smoke particles therefore bypasses most
of the extra-vortex stratosphere when being transported from the mesosphere to the
ground. When the vortex breaks up a signiﬁcant fraction of the mesospheric air parcels
is released in the lower stratosphere at high latitudes and will then be mixed eventually
into the troposphere by stratosphere-troposphere transport processes. Calculations 15
determining the total inﬂux of extraterrestrial material based on measurements in the
mid-latitude stratosphere are therefore possibly underestimates (Cziczo et al., 2001).
It is conceivable that the higher concentrations of meteoritic material inﬂuence the
particle nucleation described in Sect. 3.1. Meteoritic smoke particles of a few nanome-
ters size form from the re-condensation of the ablated silicon oxides and metallic vapor 20
compounds in the mesosphere. Ablation and smoke particle formation from the low-
volatility vapors occurs mostly at altitudes of 80–100km. The average initial size of
the smoke particles at these altitudes is very uncertain. Hunten et al. (1980) estimate
a range of 0.4–20nm diameter and choose a value of 2.6nm as the nominal case
for their model simulations. Once formed, the particles grow by coagulation and by 25
condensation of further ablated vapors in the mesosphere. In the stratosphere the
smoke particles may serve as heterogeneous nuclei for the condensation of gaseous
H2SO4 or they might coagulate with existing H2SO4/H2O particles. If the meteoritic
smoke particles grow to sizes larger than our cut-oﬀ diameter of 10nm before coag-
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ulation with the stratospheric background H2SO4/H2O particles these additional parti-
cles are potentially responsible for the observed increase in total particle concentration
(Sect. 3.1), making the nucleation process rather a heterogeneous than a homoge-
neous one. Zhao et al. (1995) discuss the possible inﬂuence of meteoritic smoke parti-
cles on the polar stratospheric nucleation and their model results indicate that depend- 5
ing on the (uncertain) number concentration of the smoke particles and their ability to
act as condensation nuclei for sulfuric acid and water the heterogeneous process can
potentially explain the observed nucleation.
In Fig. 6 the value of f is shown in relation to the CLaMS artiﬁcial vortex tracer. It
can be seen that a linear correlation with the measured fraction of non-volatile residual 10
particles exists. Outside the polar vortex, where the vortex tracer is 0%, the value of f
is 24% on average, increasing to an average of 67% for pure vortex air (vortex tracer =
100%). Although obviously a substantial scatter in the correlation exists, nevertheless,
f can be utilized as a directly measurable vortex tracer. Here the measurements are
color coded according to potential temperature. 15
We are conﬁdent that the diﬀerences in our measurements of f are not due to any
instrumental artifact because we tested carefully the eﬃciency of the aerosol heater to
completely evaporate pure sulfuric acid particles in the laboratory. Furthermore, the
aerosol size distribution inside the polar vortex is shifted towards smaller particles (see
following section) and smaller particles evaporate faster than larger ones of identical 20
composition which makes an instrumental eﬀect unlikely that results in an increase
of f inside the vortex. Thus we conclude that the fraction of meteoritic material in
stratospheric particles at similar altitudes is distinctly higher inside the Arctic vortex
compared to outside.
3.3. Particles >0.4µm 25
The concentration of particles >0.4µm (n0.4) as a function of altitude is displayed in
Fig. 7.
Data from all ﬂights in which the FSSP-300 was operated are shown as 15-s aver-
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ages. At altitudes between 11 and 16km n0.4 is typically 0.2–1.0cm
−3. At higher alti-
tudes and inside the Arctic vortex the concentration varies over a much broader range
with lowest concentrations near 0.001cm
−3 and maximum concentrations of 0.5cm
−3.
Potential vorticities for the position of the Geophysica during the measurement ﬂights
have been interpolated from operational ECMWF analysis data at full resolution. The 5
relation between PV and n0.4 is shown in Fig. 8. Outside the polar vortex n0.4 de-
creases slowly from ∼0.45 to 0.2cm
−3 for PV increasing from 6 to 22. Inside the vortex
for PV>24pvu, n0.4 decreases considerably with increasing PV to values below 0.003
cm
−3 at the highest encountered PV of 56pvu. Subsidence inside the vortex is likely
to explain the observed decrease in n0.4. Within the Arctic vortex air masses are sam- 10
pled which have been transported downward from above the Junge layer containing
therefore very low concentrations of particles >0.4µm.
Figure 9 displays a scatter plot of nt versus n0.4. Measurements obtained inside
the polar vortex yield a very compact negative correlation with n0.4 decreasing strongly
as nt is increasing. Outside the vortex nt and n0.4 are positively correlated but the 15
correlation is more scattered than inside the vortex.
Typical aerosol size distributions for measurements at 19km altitude are compared
in Fig. 10. Both size distributions peak near the smallest channel (d=0.4µm), but for
all channels the absolute concentrations measured inside the polar vortex are much
smaller than those outside. Nevertheless, from the higher total particle concentrations 20
nt measured inside the polar vortex compared to outside (cf. Fig. 3) we conclude that
for some aerosol sizes <0.4µm the absolute concentrations inside the vortex have to
be higher than the concentrations outside the vortex; i.e., continuing the size distribu-
tions to smaller particle diameters the black curve would have to rise above the red
curve at some point in Fig. 10. 25
The measured size distributions and the concentrations n0.4 compare well with previ-
ous measurements in the winter polar stratosphere by Borrmann et al. (2000a). These
authors measured similar size distributions for situations inside and outside the Arctic
polar vortex and also a distinct decrease of n0.4 with increasing altitude was observed
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for altitudes >19km for a measurement ﬂight (29 December 1996) conducted inside
the polar vortex (n0.4≈0.1cm
−3 at 19.5km, and n0.4≈0.02cm
−3 at 20.5km). Similarly,
Hofmann et al. (1989) reported a strong decrease of the number concentration of parti-
cles >0.3µm in the Antarctic stratosphere at altitudes >18km. They identiﬁed this ﬂank
as the upper edge of the Junge layer which is shifted downward by several km in the 5
Antarctic compared to mid-latitudes. Furthermore, satellite observations of the aerosol
extinction by the optically active particles conﬁrm these ﬁndings. The aerosol extinc-
tion proﬁles in the Arctic and Antarctic polar vortex are shifted downward by several km
(McCormick et al., 1983; Kent et al., 1985; Thomason et al., 1997).
3.4. Particles in the lowermost stratosphere 10
In this section we will focus on the particle measurements in the lowermost strato-
sphere. Especially the sources of the high variability of the particle measurements at
altitudes below 14km will be discussed (cf. Fig. 2). We chose to study two exemplary
ﬂights (23 January, 8 February) including detailed trajectory analyses to investigate the
origin of the air masses in order to explain the high variability of our observations. The 15
lowermost stratosphere is deﬁned as the transition region between the local tropopause
and the 380K potential temperature level (Holton et al., 1995).
Figure 11a shows the vertical proﬁle of the particle measurements along with other
measurements for the ﬂight of 23 January 2003. The tracers ozone (O3), N2O, CFC-11
and water vapor (H2O) are shown, along with temperature and potential vorticity pro- 20
ﬁles. Ascent and descent of this ﬂight were conducted in or below the polar vortex. In
this case the tropopause was located at ∼290K. Total particle concentrations nt range
at 50–100cm
−3 for potential temperatures of 310–350K and decrease below 50cm
−3
above 350K. Similarly, H2O decreases continuously up to 350K and remains relatively
constant at 3.5–4.5ppmv above 350K. N2O and CFC-11 decrease both to <90% of 25
their tropospheric values at >350K. For the ﬂight of 8 February 2003, the correspond-
ing quantities are shown in Fig. 11b. This ﬂight showed much higher particle concentra-
tions below 370K. Here ascent and descent were conducted outside the polar vortex.
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From the particle measurements during the descent of the ﬂight of 8 February it can
be seen that the distinct step structure is observed by all three unheated channels of
the two COPAS counters. An almost identical step structure is also observed during
ascent. Ozone, N2O, CFC-11, H2O and temperature also show proﬁles that are very
similar for ascent and descent despite a time span of 3.5h between the ascent from 5
and the descent to Kiruna. In contrast to the unheated channels the heated channel of
COPAS does not show a distinct step structure and the fraction of non-volatile particles
drops from 20–40% above the step to 5–15% below 350K. Therefore we conclude that
most of the particles below 350K are likely to be pure sulfuric acid/water particles.
Recently, several publications discussed the existence of a so-called “mixing layer” 10
or “tropopause following transition layer” extending typically 2–3kilometers (or ∼25K in
potential temperature) above the local tropopause (e.g. Fischer et al., 2000; Hoor et al.,
2002). Due to the inﬂuence of extratropical cross-tropopause transport of tropospheric
air on the tracer abundances, the tracer-tracer relationships in the tropopause follow-
ing transition layer deviate signiﬁcantly from those typically observed in the remaining 15
lowermost stratosphere. From Fig. 11b it can be seen that such a tropopause follow-
ing transition layer may be deﬁned from the vertical proﬁles of ozone and water vapor.
Above the local tropopause at 313K, deﬁned by the change in temperature lapse rate,
ozone and water mixing ratios change continuously from tropospheric to stratospheric
mixing ratios within a mixing layer between 313 and 348K. But these tracers do not 20
reveal distinct changes at 360–370K where the steep change in particle concentration
occurs. The N2O and CFC-11 proﬁles on the other hand decrease slowly with increas-
ing altitude and mixing ratios >90% of the tropospheric N2O and CFC-11 values are
measured even above 400K potential temperature.
We investigated in how far the high particle concentration in the region between 25
330 and 370K for 8 February could be caused by quasi-horizontal transport of upper
tropospheric, aerosol-rich air from mid, subtropical or even tropical latitudes. Tropo-
spheric air entering the stratosphere isentropically at lower latitudes could have been
transported to higher latitudes before sampling. For the two ﬂights of 23 January and
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8 February, 30-day backward trajectories of ensembles of air parcels ending near the
Geophysica’s ﬂight track were calculated separately for 10-K potential temperature seg-
ments between 330 and 400K. These calculations were performed with the trajectory
tool LAGRANTO (Wernli and Davies, 1997) using wind and temperature ﬁelds from the
operational ECMWF analyses with a horizontal resolution of 1 degree. These trajecto- 5
ries are shown in Fig. 12 for the 355–365K segments of the two ﬂights. The trajectories
of 23 January show that the air parcels are continuously located north of 40
◦ N and are
of strictly stratospheric origin. For 8 February, trajectories point to a more southerly ori-
gin of the air masses around 20
◦ N and the trajectories do not come close to the North
Pole. They indicate in this case a recent tropospheric inﬂuence on the air masses sam- 10
pled during ascent and descent which is illustrated more closely in Fig. 13. This ﬁgure
shows the position of air parcels (circles) on 10 January which will end at Geophys-
ica’s position between 325 and 335K (Fig. 13a) and between 355 and 365K (Fig. 13b)
on 8 February. The average potential temperature of the displayed air parcels on 10
January is 342K in case (a) and 393K for case (b), respectively. For these potential 15
temperatures the PV maps are plotted with the tropopause deﬁned by 2pvu indicated
by a thick black line. It can be seen in (a) that at this time and for this ﬂight level many
of the air parcels are located in the troposphere or in the tropopause region making a
tropospheric inﬂuence obvious. In case (b), indeed, for a few air parcels a tropospheric
inﬂuence is also evident. For instance over Arabia, some air parcels that are later 20
transported to the Geophysica’s ﬂight path are located in a cut-oﬀ of tropospheric air.
It is also conceivable that some of the air masses initially originated from the tropical
tropopause layer. Equivalent graphs for Θ>365K look very similar to Fig. 13b. The
ﬁndings from the trajectory studies are further supported by the proﬁles of the tracers
N2O and CFC-11 which attain high mixing ratios within 90% of their tropospheric values 25
throughout the whole LS (Fig. 11b). Their mixing ratios are decreasing with increasing
Θ much slower than for the ﬂight of 23 January (cf. Fig. 11a), illustrating again that the
air masses encountered during ascent and descent of 8 February have experienced a
signiﬁcant recent tropospheric inﬂuence. The fact that H2O decreases to values below
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5ppmv at >350K may be explained by signiﬁcant reduction of H2O by freeze-drying
processes when the air masses entered the stratosphere.
In conclusion, the trajectories show that for the ﬂight of 23 January, when particle
concentrations are low throughout the LS, the air masses are of stratospheric origin
only. On the other hand, a tropospheric inﬂuence of potentially aerosol-rich air can 5
clearly be discerned for the air masses measured in the LS during ascent and descent
on 8 February. Nevertheless it is diﬃcult to explain the origin of the step in particle
concentration around 365K by the tropospheric inﬂuence alone because there is no
distinct diﬀerence in the history of the air masses below and above 365K. A possibility
to explain the high particle concentrations in the LS is formation of new particles. Nu- 10
cleation of new particles has been observed in the polar and mid-latitude lowermost
stratosphere (Lee et al., 2003; de Reus et al., 1999; Hermann et al., 2003). Lee et
al. (2003) were able to explain the observed fresh particles with the help of a model
by Lovejoy et al. (2004), as being caused by ion-induced nucleation of sulfuric acid
and water. The observed high fraction of volatile particles in the layer favors the inter- 15
pretation of recent nucleation of sulfuric acid and water, potentially induced by an ion
process. Unfortunately no precursor gases like SO2 and OH or gaseous H2SO4 were
measured onboard Geophysica and the temperature diﬀerence between saturator and
condenser of the unheated COPAS channels was the same for all channels. There-
fore we are currently not able to support this interpretation by other measurements or 20
modeling eﬀorts. It is interesting to note that a very similar particle layer in the LS
with concentrations reaching up to 450cm
−3 has been observed on a balloon ﬂight
from Kiruna on 19 January 1997 (Borrmann et al., 2000). In this ﬂight concentrations
also decrease markedly above 14km altitude very similar to our observations, but the
authors did not comment on this feature explicitly. 25
Airborne Measurements by Baumgardner et al. (2004) which were also conducted
in January and February 2003 in the Arctic lowermost stratosphere (9–12km) indicate
an unexpectedly high fraction of typically >50% of light-absorbing particles composed
predominantly of black carbon. Additionally, the typical fraction f of non-volatile residual
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particles is reported to be ∼50%. These authors attribute this high fraction of light
absorbing material to lower latitude tropospheric transport (Baumgardner et al., 2004).
Their interpretation is therefore in agreement with our interpretation of the high CN
concentration, but the high fraction of non-volatile residual particles is in contrast to our
ﬁndings of typically lower fractions around 10% at these altitudes. 5
4. Summary
Two automated Condensation Nucleus Counters for operation aboard the high alti-
tude research aircraft Geophysica have been developed and characterized. The in-
struments operated successfully during two Arctic measurement campaigns in winter
2003. Particle number concentrations measured were typical for Arctic stratosphere 10
conditions. At altitudes around 19km the total particle concentration nt is found to
increase from ∼10cm
−3 outside the vortex to ∼20cm
−3 inside the vortex. From the
correlation with the stratospheric tracers N2O and CFC-11 this increase is attributed to
aerosol nucleation in the stratosphere above. The nucleation might be rather a hetero-
geneous than a homogeneous process, most likely condensation of H2SO4 and H2O 15
on cores of meteoritic material because of the observed low variability of the N2O-
particle correlation and because of the high fraction f of non-volatile residual particles
found in the vortex.
Inside the polar vortex a signiﬁcantly higher fraction of non-volatile particles is mea-
sured than outside the vortex. The fraction f ranges at 58 to 76 percent inside the 20
vortex and around 12–45 percent outside the vortex. The diﬀerence is caused by
downward transport of meteoritic material from the mesosphere inside the vortex and
gives experimental evidence for the transport of mesospheric air even down to the low-
est levels of the polar vortex. The fraction of non-volatile residual particles also serves
as an experimentally accessible vortex tracer. 25
The correlation of large particles >0.4µm with potential vorticity revealed a strong
decrease of n0.4 with increasing potential vorticity inside the polar vortex.
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In the lowermost stratosphere (Θ≤360K) particle concentrations nt of several hun-
dred per cm
−3 were frequently observed. Air masses in which these high concentra-
tions were found had originated partly in the upper troposphere at lower latitudes and
had been transported quasi-horizontally to the higher latitudes where our measure-
ments were performed. The high particle concentrations nt in these air masses may 5
be explained by transport of particle-rich air from the lower latitude UT and/or by recent
particle nucleation in the lowermost stratosphere.
In the future, three unheated channels of the COPAS instruments will be operated at
diﬀerent saturator temperatures to allow for the detection of ultraﬁne particles. Further
volatility studies will be of interest to study the cycling of meteoritic material in the 10
stratosphere.
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Fig. 1. Comparison of total particle concentration measurements nt (15-s averages) by the
two unheated channels of COPAS 2 including a linear regression (a). Comparison of particle
concentration measurements by unheated channel of COPAS 1 and unheated channel of CO-
PAS 2 including a linear regression for the ﬁve EUPLEX ﬂights when both instruments were
operated simultaneously (b). 5067ACPD
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Figure 2 
Fig. 2. Vertical proﬁles of total particle concentrations nt for all ﬂights within the EUPLEX and
EAV measurement campaigns. Data points are 15-s averages. Median values over all data
binned in 500m altitude intervals are included. Error bars denote the 25- and 75-percentiles.
Several ﬂights revealed a sharp increase in particle concentration at altitudes below ∼14km
(e.g. ﬂight of 8 February 2003), whereas other ﬂights did not show such pronounced structures
(e.g. ﬂight of 23 January 2003). 5068ACPD
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Figure 3 
Fig. 3. Particle concentration nt as a function of potential temperature. Inside vortex (CLaMS
Vortex tracer >0.75, squares) and outside vortex (CLaMS vortex tracer <0.25, circles) median
values over the data binned in intervals of 10K with 25- and 75-percentiles (error bars) are
included. Values of the CLaMS vortex tracer are color coded.
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Figure 4 
Fig. 4. Correlation of N2O mix-
ing ratios and total particle mix-
ing ratio given as number of par-
ticles per mg of air. Values
of the vortex tracer are color
coded. Median values binned by
20ppbv of N2O as well as 25-
and 75-percentiles are included
(a). Correlation of CFC-11 mix-
ing ratios and particle mixing ra-
tios including a regression line
for CFC-11 <70pptv. Data from
ﬂights as indicated in Fig. 1, ex-
cept for ﬂights, 30 January and 9
February, when HAGAR instru-
ment was not operational.
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Figure 5  Fig. 5. Fraction f of non-volatile residual particles (ratio of non-volatile residual particles nnv
to total particle concentration nt) as altitude proﬁle with vortex tracer indicated by color coding.
Data from ﬂights as indicated in Fig. 1, except for entire ﬂight of 12 March, and some parts of
ﬂights on 8, 9, and 11 February and 8 March when CN-Counter with heated aerosol channel
was not operational.
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Figure 6  Fig. 6. Fraction f of non-volatile residual particles versus the value of the CLAMS model vortex
tracer. Potential temperature values indicated by color coding. A linear regression is included.
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Figure 7 
Fig. 7. Number concentration of particles with diameters >0.4µm (15-s averages) measured
with the FSSP-300 as a function of altitude. Vortex tracer values indicated by color coding.
Data from ﬂights on 23 and 30 January, and 2, 6, and 8 February when the FSSP-300 was
operated are shown.
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Figure 8 
Fig. 8. Number concentrations of particles >0.4µm (n0.4) as a function of potential vorticity
with vortex tracer indicated by color coding. Median values binned by 2pvu intervals with
25/75-percentiles included.
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Figure 9  Fig. 9. Number concentration of particles >0.4µm (FSSP-300) versus total particle concentra-
tion >0.01µm (COPAS). Vortex tracer values are color coded.
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Figure 10 
Fig. 10. Particle number size distributions measured at 19km altitude for the ﬂights of 23
January (inside polar vortex) and 8 February 2003, (outside polar vortex). Measurements are
integrated over approximately one hour to increase statistical accuracy. Statistical uncertainties
are indicated by error bars.
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Figure 11 
 
Fig. 11. Measurements for ﬂight of 23 January 2003. Potential temperature proﬁles for total
particle concentration nt, non-volatile particle concentration nnv, ozone and temperature, N2O
and CFC-11, potential vorticity and H2O are shown (a). Same for 8 February 2003, both COPAS
instruments were operated during this ﬂight and data from all four channels are shown (b).
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Figure 11 
 
Fig. 11. Continued.
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Figure 12 
 
  a 
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Figure 12  Fig. 12. Ensemble of 20-day backward trajectories for Geophysica’s position at 360K for 23
January 2003 (a). Same for 8 February 2003 (b).
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Figure 13 
Fig. 13. Circles show positions of air parcels on 10 January 2003, that end near Geophysica’s
position at 330K on 8 February 2003. Colors indicate PV on the isentropic surface for the
air parcels average potential temperature Θ of 342K. Thick black line at 2PVU indicates the
tropopause, thick green lines indicate horizontal wind speed isolines of 60 and 80m s
−1 (a).
Same for air parcels ending at 360K on 8 February 2003. PV map is shown at 392K which
corresponds to the average Θ of the air parcels (b).
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